Hexagonal boron nitride (h-BN) detectors have demonstrated the highest thermal neutron detection efficiency to date among solid-state neutron detectors at about 51%. We report here the realization of h-BN neutron detectors possessing one order of magnitude enhancement in the detection area but maintaining an equal level of detection efficiency of previous achievement. These 3 mm Â 3 mm detectors were fabricated from 50 lm thick freestanding and flexible 10 B enriched h-BN (h-10 BN) films, grown by metal organic chemical vapor deposition followed by mechanical separation from sapphire substrates. Mobility-lifetime results suggested that holes are the majority carriers in unintentionally doped h-BN. The detectors were tested under thermal neutron irradiation from californium-252 ( 252 Cf) moderated by a high density polyethylene moderator. A thermal neutron detection efficiency of $53% was achieved at a bias voltage of 200 V. Conforming to traditional solid-state detectors, the realization of h-BN epilayers with enhanced electrical transport properties is the key to enable scaling up the device sizes. More specifically, the present results revealed that achieving an electrical resistivity of greater than 10 14 XÁcm and a leakage current density of below 3 Â 10 À10 A/cm 2 is needed to fabricate large area h-BN detectors and provided guidance for achieving high sensitivity solid state neutron detectors based on h-BN. 
BN) films, grown by metal organic chemical vapor deposition followed by mechanical separation from sapphire substrates. Mobility-lifetime results suggested that holes are the majority carriers in unintentionally doped h-BN. The detectors were tested under thermal neutron irradiation from californium-252 ( 252 Cf) moderated by a high density polyethylene moderator. A thermal neutron detection efficiency of $53% was achieved at a bias voltage of 200 V. Conforming to traditional solid-state detectors, the realization of h-BN epilayers with enhanced electrical transport properties is the key to enable scaling up the device sizes. More specifically, the present results revealed that achieving an electrical resistivity of greater than 10 14 XÁcm and a leakage current density of below 3 Â 10 À10 A/cm 2 is needed to fabricate large area h-BN detectors and provided guidance for achieving high sensitivity solid state neutron detectors based on h-BN. He À Á gas detectors have been widely deployed at the ports of the entry of the USA for this purpose. Apart from being expensive, being a gas, 3 2 He contains very low atomic density corresponding to a long absorption length for thermal neutrons, making 3 2 He detectors bulky. Other shortcomings of 3 2 He detectors have a low Q value ($0.764 MeV), high ionization energy, and high voltage operation. Therefore, alternative solid-state detectors that have the performance of 3 2 He detectors without their drawbacks are highly sought-after technologies. [1] [2] [3] [4] [5] [6] [7] Hexagonal boron nitride (h-BN), a wide bandgap semiconductor material, has emerged as a promising candidate for thermal neutron detection in recent years [8] [9] [10] [11] [12] [13] due to the fact that the isotope 12 Its large bandgap ($6.5 eV) [15] [16] [17] [18] [19] [20] [21] [22] [23] inherently renders intrinsic h-BN highly resistive, yielding detectors with extremely low leakage currents. Neutron detectors of 1 Â 1 mm 2 in size fabricated from h- 10 BN epilayers have demonstrated the highest thermal neutron detection efficiency to date among solid-state neutron detectors at about 51%. 12 However, scaling up to large area detectors is a necessary step for practical applications of h-BN neutron detectors. This is because the count rate (C R ) detected by using a detector (or the sensitivity of a detector) is proportional to its thermal neutron detection efficiency (g) and detection area (A), and for perpendicular neutron flux, C R can be expressed as
where N is the thermal neutron emission rate and d the distance between the detector and the neutron source. As an illustration, we consider the case of a 5 kg of Pu, which emits fast neutrons at a rate of $3 Â 10 5 neutrons/s with an average energy of $1 MeV. 24 To detect such a source at targeted distances of 0.8, 2.4, and 7.7 m with a desired count rate of 1 n/s, it will require detectors with areas of 1, 10, and 100 cm 2 , respectively, assuming that these detectors have a thermal neutron detection efficiency of 50% and are working in conjunction with high density polyethylene (HDPE) moderators for converting fast neutrons to thermal neutrons with a 50% conversion efficiency. Therefore, scaling up the detector area while maintaining a high detection efficiency is a necessity for detecting SNMs. To address the detector size issue, detection systems generally incorporate arrays of smaller detectors. However, when arrays of smaller detectors are being implemented, it is necessary to gear each small detector with its own electronics in order to maximize the performance, which increases the system design complexity and cost. Therefore, detectors with a large area are still preferred. Based on other solid-state neutron detector technologies, a minimum device size of 1 cm 2 is desirable. 3, 25 Nevertheless, there are technical challenges in realizing large size neutron detectors, the chief of which are (a) increased leakage current, leading to the introduction of excessive noise, and (b) reduced maximum applicable bias voltage, leading to the reduction in the charge carrier collection efficiency. The presence of a high noise level in neutron Published by AIP Publishing. 111, 033507-1 detection affects the setting point of a low level discriminator, leading to a small signal to noise ratio which could exclude a fraction of the actual counts from being detected. The equivalent noise charge in a simple CR-RC shaper at a fixed integration and differentiation time constant s c can be written as
Here, the "shot noise" in the first term increases with the detector's dark current I d , which is proportional to the device area (A). The second term is the "thermal noise" contributed from the bias resistor R b . K B is Boltzmann's constant and T is the operating temperature (300 K). The last term in Eq. (2) depends on the equivalent input noise of the amplifier with a spectral density e n and equivalent input capacitance C. Capacitances of h-BN detectors are smaller compared to other semiconductor neutron detectors due to a small dielectric constant of about 4 for h-BN. 27 Equation (2) clearly shows that simply scaling up the detection area by one order of magnitude using the same h-BN material would result in one order of magnitude increment in the detector's dark current and hence in the equivalent noise, which would degrade the detection efficiency. The only way to realize a larger size and high efficiency neutron detector is to further enhance the electrical transport properties through improvement in material quality so that I d and the required bias voltage would remain relatively low regardless of the area increment.
The bandgap of h-BN is about 6.5 eV (Refs. [15] [16] [17] [18] [19] [20] [21] [22] [23] , and hence, intrinsic h-BN is almost an insulator with an expected electrical resistivity exceeding 10 20 X cm. However, the highest resistivity of unintentionally doped h-BN epilayers produced so far is about 5 Â 10 13 X cm, [10] [11] [12] implying that a significant improvement is anticipated through the optimization of epitaxial growth processes. Our recent studies have shown that growing h-BN epilayers in nitrogen-rich growth conditions can reduce the density of undesired native and point defects such as nitrogen vacancies (V N ) and carbon impurities occupying nitrogen sites (C N ). 28, 29 Here, we report the realization of h-10 BN neutron detectors possessing one order of magnitude enhancement in the detection area (3 mm Â 3 mm) over that of the previous achievement (1 mm Â 1 mm) while upholding the same level of high detection efficiency. 10 B enriched h-BN (h-10 BN) epilayers were grown by metal organic chemical vapor deposition on c-plane sapphire substrates of 4-in. in diameter. Trimethylboron (TMB) with a vendor specified 10 B isotope enrichment of 99.9% and ammonia (NH 3 ) were used as the precursors for the growth of h-10 BN epilayers. Sample A (43 lm thick) has been previously used to fabricate 1 mm Â 1 mm neutron detectors with a detection efficiency of about 51%, 12 whereas sample B has a layer thickness of 50 lm. Photoluminescence (PL) measurements revealed that the donor-acceptor pair transition at about 4.1 eV (Ref. 28 ) associated with V N donors and C N deep level acceptors is stronger in sample A than in sample B, indicating that the concentrations of V N and C N in sample A are higher than those in sample B. Therefore, sample B is expected to have a better overall material quality over that of sample A. Due to the nature of the layered structure of h-BN and the thermal expansion coefficient mismatch between h-BN and sapphire, free-standing h-10 BN wafers were obtained by mechanically separating h- 10 BN from sapphire substrates, as shown in Fig. 1(a) . The flexibility of free-standing h-BN films is demonstrated in Fig. 1(b) . Free-standing h-BN wafers were easily sliced into desired dimensions. E-beam evaporation was used to deposit metal contacts consisting of a bi-layer of Ni (10 nm)/Au (20 nm) on both sides of the free-standing h-10 BN film to form "photoconductor-type" of detectors, as shown schematically in the inset of Fig. 2(a) . 1 Â 1 mm 2 detectors were fabricated from sample A and sample B, labeled as D1 and D2, respectively, to assess directly the effects of the material quality on the performance of the fabricated detectors. A 3 Â 3 mm 2 detector (D3) was fabricated from sample B. The device fabrication processes for sample A and sample B were kept identical. Figures 2(a) and 2(b) show the comparison of dark currentvoltage (I-V) and dark current density-voltage (J-V) characteristics among detectors D1, D2, and D3. The dark current and current density values at 500 V are listed in Table I , which shows that the dark current density of detector D1 fabricated from sample A is about 6 times higher than that of detectors D2 and D3 fabricated from sample B, whereas the 2017) measured resistivity (q) of sample B is about 5 times larger than that of sample A. Leakage current is a measure of the escape of electric current through defects/dislocations, and hence, a higher leakage current density also infers higher concentrations of defects and dislocations in sample A, consistent with the PL results. For a given device dimension, enhancing the mobilitylifetime (ls) product would reduce the bias voltage (V) required for charge collection and the associated leakage current. This is because most charge carriers generated inside the detector can be collected at the electrodes when the condition of recombination time (s) ! transit time (s t ) is satisfied, i.e., ls ! L 2 =V (s t ¼ L=lE; E ¼ V=L), [10] [11] [12] where V is the applied voltage and L the transit length (the thickness of the detector). A deuterium UV lamp was used as a light source to illuminate one side of the detector. Due to the unique property of high optical absorption (7 Â 10 5 cm
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) of h-BN, above bandgap photons having a very short absorption length (k $13 nm) 30, 31 are completely absorbed within a few tens of layers of h- 10 BN from the illuminated surface. Therefore, depending upon the polarity of the illuminated surface, a specific charge carrier (hole or electron) is selected for charge transport. The positively (negatively) biased illuminated surface collects photo-generated electrons (holes) and therefore allows only holes (electrons) to transport between the electrodes. Thus, photocurrent-voltage characteristics allow us to measure the ls-products for holes and electrons separately using Many's equation
Here, I 0 is the saturation current, and l e s e (l h s h ) and s e (s h ) denote the mobility-lifetime product and surface recombination velocity for electrons (holes), respectively. The photocurrents in Fig. 3 are fitted with Eq. (3) to obtain l e s e and l h s h products, and the results are summarized in Table I , which reveals that l h s h is greater than l e s e for both samples. This is consistent with our understanding that although l h and l e are comparable, s h is larger than s e , implying that holes act as the majority carriers in unintentionally doped h-BN. 12 As shown in Table I , for the 1 Â 1 mm 2 devices (D1 and D2), the measured ls values are larger for sample B than those of sample A. Therefore, the ls characterization results again revealed an overall improvement in the material quality of sample B over sample A, consistent with the resistivity, leakage current density, and PL results. It should be noted that characterizing ls products using a contactless geometry 32 which can minimize the contact effects is highly desirable in the future. However, the measured ls values are lower for the 3 mm Â 3 mm device (D3). This reduction in ls products with the increasing device area is not expected if h-BN epilayers were perfectly homogenous. We believe that the observed reduction in ls values in larger area devices arises primarily from crystalline imperfections and nonuniform distribution of defects across the h-BN wafer and the fact that the number of charge traps is proportional to the device area. This empirically observed reduction in ls products with the increasing device area presents the major challenge for achieving large area detectors at this stage. The results clearly indicate that further improvements in epitaxial growth processes leading to materials with enhanced crystalline quality and reduced defect densities are needed.
The detection of thermal neutrons by h-10 BN detectors is via the following nuclear reactions: 
The daughter particles Cf source with a radioactivity of 0.77 mCi ($3.29 Â 10 6 n/s) in conjunction with a 1-in. thick HDPE moderator for converting fast neutrons into thermal neutrons was used as a thermal neutron source. [9] [10] [11] [12] 33 A pulse height spectrum under thermal neutron exposure for 15 min shown in Fig. 4 was obtained from the 3 Â 3 mm 2 detector (D3) at a bias of 200 V by placing the detector 60 cm from the 252 Cf source (or 57.5 cm from the front surface of the moderator). Exposure of h-10 BN detectors to Caesium-137 has already established the fact that they are irresponsive to c photons because B and N are low atomic elements. [9] [10] [11] [12] A neutron spectrum was integrated above the highest channel of the dark spectrum to find the total number of thermal neutron counts. The count rate obtained in this way was The measured detection efficiency for D3 (3 Â 3 mm 2 device) biased at 200 V is comparable to the previously reported efficiency of $51% for a 1 Â 1 mm 2 detector biased at 400 V. 12 This reduction in the required bias voltage for obtaining an equal level of detection efficiency is again attributed to the improved material quality of sample B. The calculated absorption length (k) for thermal neutrons in h- 10 BN is $47.3 lm. 12 Thus, a 50 lm thick h- 10 BN detector in principle can absorb $65.3% of incident thermal neutrons, which infers that our 3 Â 3 mm 2 h-10 BN detector has attained a ratio of the measured to predicted efficiency of about 81% at a bias voltage of 200 V. The observed discrepancy between the measured and predicted efficiency can be accounted for by the imperfect charge collection efficiency due to the fact that the overall material quality of h-BN epilayers is still far-off from state-of-the-art and the possibility that the actual enrichment of the 10 B precursor used for the growth of h-10 BN epilayers is less than the specified value of 99.9%.
In summary, the attainment of free-standing 50 lm thick h- 10 BN epilayers with reduced defect density and enhanced electrical transport properties has enabled the fabrication 3 mm Â 3 mm neutron detectors with a detection efficiency of about 53%. The present results have provided useful insights into the realization of highly efficient large size h- 10 BN neutron detectors for many practical applications. 
